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NATIONAL ADVISORY COMMITTEE TOR AERONAWICS 
-.- 

An investfgation was made of the f low downstream frcm a 
"t~.o-dimensianall' grid,  formed of pzr.'rnXel rods, ?he two.- 
dimensional L;harzctsr of t he  flaw was Lisured by cnd F l a t e s  
normal t o  the rods  and covering the e n t i r e  < low f i e l d ,  

The j e t s  i s su ing  from between t!ie rods. were found t o  be 
covtrcc? P r m  = cog3 i unsta'ole for t h e  g r i d  density used / A  = -- 

and poss ib i e  methods of s t ab i l i z ing  t h e  f l o v  w r e  investigated 
S t a b i l i t y  was achieved by tvo nethodsr, (1) by the  i n s t a i l a t i o c  
of  a high-remistance, finecmesh damping screen domstream f rom 
the  rods within a ce r t a in  range of pos i t ions ;  (2) by means of a 
l a r g e  l a t e r a l  contraction immediately domstrenn frod t h e  rodsc? 
Doubling o f  t he  i n i t i a l  turbulence i n  the j e t s  coming frzm betwecn 
the  rods had no noticeable e f f ec t  on the  flowo 

- -- 
\ t o t a l  arcs ,/ ' 

The nature of the  f l o w  was determined primarily by means o f  
total-head measurementsb 
and temperature d i s t r ibu t ions  were measured i n  the unstable and 
t h e  s c r  oen-st a b i l i  zed conf igurat ions 
t i o n s  were a l s o  measured i n  the  l a t t e r  case, 

Provision was made f o r  heating the  rods, 

Tiirbul ence 1 eve1 d i  s t r i bu -  

Preliminarjr t e s t s  were made i n  both the  closed-duct and the  
open, two-dimensional configurations; but i t  was found that tht. 
same phenomenon occurred i n  both cases; so  no s ide  w < a l l s  were 
used i n  the setup f o r  the  f i n a l  measurementso 
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INTRODUCTION 

I t  i s  known tha t  under Cer ta in  conditions, r$t yet  asta'olished 
cpant i ta t ively,  t h e  flow downstream from a g r i d  i s  unstable, The 
i n s t a b i l i t y  r e s u l t s  i n  a rap id  amalzamation of adjacent j e t s  is- 
suing from the open p a r t s  of t he  gr id .  

In order t o  simj$ify t h e  inves t iga t ion  of t h i s  phenomenon, 
a f i e l d  o f  p a r a l l e l  tiTo-i'irnension?al j e t s  was used ra ther  than a 
f i e l d  of three-dimcnsiond j e t s ,  such as would occur bshind a con- 
ventional square mesh g r idb  

There is ,  of course, no bas ic  difference between a f i e l d  of 
p a r a l l e l  two-dimensional j c t s  an6 a f i e l d  of 2 a r a l l e l  two-dimeii- 
s ional  wakes, I t  i s  the  : I s U s i  convention, when the  f l o w  f i e l d  
i n  question kzs been s e t  up bj a g r i d  made o f  one row of p a r a l l e l  
rods i n  a n  air strecam, t o  describe tLis f i e l d  as composed of j e t s  
if tho g r i d  densi ty  i s  high, and o f  wakes i f  the  g r i d  dens i ty  i s  
lowe The g r i d  density, o r  s o l i d i t y ,  i s  defined as the  r a t i o  of 
blocked Area t o  t o t a l  area.,, 

Apparently t h e  f i r s t  published systematic measurements behind 
, a  row o f  rods tiere made by R. Gran Olsson (reference 1) i n  1936. 
However, h i s  g r i d  dens i t i e s  were s m a l l  
t ion,  his mean flow was not k G t  two-dimensional s ince there  were 
no end p l a t e s  normal t o  the  rods t o  prevent inflow parallel to  
the  rods, The maxinum J e t  aspect r a t i o  was 330 Thus, he found 
no i n s t a b i l i t y ,  and, i n  f a c t ,  he was conccrned only with t h e  
problem of  mixing i n  f u l l y  developed turbulent flow. 

(hax = O,25) and i n  addi- 

G. Cordes (reference 2) inves t igs tcd  e s sen t i a l ly  the  sanie 
problem as Grsn Olsson, a n d .  ne t  with no ins tz .b i l i tg  f o r  the S a m  
two reasonsb 

Both o f  these inves t iga tors  presented theo re t i ca l  so lu t ions  
f o r  the ( s tab le)  f u l l y  turbulent flow behind p a r a l l e l  rods, based 
on the momentum t r ans fe r  theory, with F rand t l ' s  suggested extended 
assurrption f o r  the exzhaqe  coef f ic ien t  ( reference 3 )  involving 
the  u s c  of two mixing lengths. Later, Td Okaya and M, Hasegawa 
(reference 4) elaborated somewhat on the  Gran Olsson and Cordes 
t h  eo r e t  i crzl mal y s e s 

A s  f a  as can be deternined, experimental evidence of t he  
occurrence of i n s t a b i l i t y  behind, e f fec t ive ly ,  t\. row of rods, was 
first  published by D, C. XacPhail ( refercnce 5) i n  193g0 XacPhail 
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was concerned with obtaining uniform flow i n  a duct which Eollqwed 
R sinultaneous goo bend and sudden expansion. 
iise o f  corner vanes alone resul ted i n  chaotic flow domstrc,.un 
when thd vanes were r e l a t i v e l y  close togethero 
tha t  the introduction of  a fine-mesh, h i g b r c s i s t a n c e  screen down- 
s t rcan  from the var-es resu l ted  i n  considerably i q r o v e d  f l o w .  
However, fkcPhai1 apparently did no t  i n t e rp re t  the phenonenon as 
a s t a b i l i t y  problem. 

He found tha t  the 

Then h e  obsorvod 

In 1940, Jo 0. von Bohl (reference 6) published the r e s u l t s  
of measuroncnts i n  the f l o w  behind rod g r ids  i n  a closed duct, 
He vas spec i f i ca l ly  concerned with t h e - s t z b i l i t y  of the flow and, 
by su f f i c i en t  var ia t ion  02 the  g r i d  density, succeeded i n  obtaining 
both st,n.ble and unstable caseso He made no attempt t o  s t a b i l i z e  
the nornal ly  uxstable  flow. In the s,wc paper, he presented an 
analysis  based on the small perturbation method, which gave quzli- 
t a t i ve ly  the correct  resu l t ,  th3t is, thz t  the degree o f  s t a b i l i t y  
decreases with incrcnsing g r i d  density. 

Boh l '  s analysis  began with a sinusoidal veloci ty  distribu- 
t i o i l  i n  thc nain flow, and a small superimposed sinusoidal dis- 
turbance of w2ve length considerably longer than tiic or iginal ,  
Working with the first two equations of motion, he e f fec t ive ly  

assumed the exchange coeff ic ient  E w - nnd used thc extcndcd 

Prandt l  form of  (reference 3 ) 0  After s c v e r d  coordinato trnns- 
formations' he obtained an ordinary d i f f e ren t i a l  equation of four th  
order f o r  the  amplitude of the disturbance function. 
be solved by a s e r i e s  bIhich unfortunately divergcd i n  the ncighbor- 
hood of  the grid. 
of sect ions,  taking the coef f ic ien ts  o f  t h e  equation constant over 
each section, and obtained exponential solut ions f o r  emh scction. 
He then car r ied  out the theore t ica l  cnlculations f o r  two of the 
g r ids  tes ted ,  and got a qua l i ta t ive  check between theory and 
cxpcrinent 

1 
X 

This could 

Therefore, he divided the x-axis in to  a s e r i e s  

Although thc physical j u s t i f i ca t ions  for sone o f  Bohl' s 
s impl i f ica t ions  a r e  not c lear ,  the  analysis i s  worthy of notice  
as the  f i r s t  onc published on t h i s  problem, and becslusc the r e s u l t s  
a r e  ind ica t ive  at l e a s t  of a possible  method of attack. 

The matter of flow s t a b i l i t y  behind a g r id  i s  of im2ortsnce 
i n  several  p r a c t i c a l  problems. 
i s  obviouso 

Thc appl icabi l i ty  t o  heat exchanger; 
Corner wanes i n  ducts o r  wind tunnels, especially with 
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simultaneous turning R h d  expp.nsion, m y  cause in s t ab i l i t y ,  as 
i l l u s t r a t e d  i n  MacPhaills experiments, Fw:thermorc, the flow 
behind plat ted dive brakes on an airplane may a l so  bo subject  t o  
t h i s  type of i n s t ab i l i t y ,  and may be associated +dth severe a i le ron  
o r  t a i l  buffeting. 

The present inves t imt ion ,  conducted at the  California 
I n s t i t u t e  of Technology, was sponsored by, and conducted with 
f inanc ia l  ass is tance from, t h e  N'atioml Advisory Committee f o r  
Aeronautics. The work wns ca r r i ed  out under t h e  genera3 super- 
vision of Dr. Th. von Kkrrhan and Dre  Ce B. Millikan, whose inter-. 
cst i s  gra te fu l ly  acknowledged. Pa r t i cu la r  thanks a r e  due t o  
Dr. Hms W. Licpmmn for h i s  invaluable advice throughout the 
researcho 

S m O L s  

X 

Y 

2 

U 

u 

distngLcc i n  direct ion of  tunnel axis,  measured from plane 
of rod  faces  

lateral distance p a r z l l e l  t o  rod faces  and perpendicular 
t o  s l o t s ,  measured from tunnel center  l i n e  

l n t  e r d  distance i n  s l o t  d i rec t ion  

axial conponent of,mean veloci ty  (with respect t o  time) , 

axial component of  instantaneous veloci ty  f luc tua t ion  _- 
u'=*/ i- u a 

u1 turbulence l eve l  
U 

H t o t a l  head 

covcrcd area A gr id  density = i--- - t o t , d  a rea  

T temperature, OC 



f 
J 3 

EQUIPMENT 

AcroC13;nanic Setup 

Thc wind tunnel used i n  t h i s  invest igat ion i s  c s s e n t i d l y  
t h e  s m e  u n i t  as m s  used i n  previous t e s t s  on n s ingle  a x i a l l y  
syin~etricc-~l j o t  ( rcfercnce 7) ,  Figure 1 2 s  n schenztic diagram, 
approxinatelg t o  s=ale ,  o f  the  tunnel as ricd-ified, The p r i n c i p l  
d i f fc rcnce  i s  the i n s t n l l a t i o n  of the new "nzzzlc p l a t c "  t o  g ivc  
a row of seven p a r t l l c l  tvo-dinensional j e t s 3  Pn enlarged crgss- 
sec t iona l  view Gf t he  nozzle p l a t e ,  which i s  constructed o f  I, r:w 
of brass  rods, i s  civen i n  the  SZTC figure; RS wcil as a dimen- 
sioned cross  sec t ion  o f  n s ing le  rod: 
o f  t h e  s l o t s  i s  40 (8 by 0,2 iDo); i t  was founi- thrLt end p l a t e s  
(do t t ed  i n  f i g j  1) over  the  f i c l d  of flow f a r e  nevcrthclcss 
nccessary f o r  maintomiicc o f  the tvo- diucnsionnl ck;.lrnctcr of 
tho mean flow, The tuo-diacnsicnality was checked i n  both s t ab lc  
and unstable cases  by a c o q a r i s o n  of t raverscs  m d e  c..t d i f f c rcn t  
y-positionso 
photographed f rom the  upstream sidc,  
vicw of the  tunncl from the downstream end, showing the end p l a t e s ,  
the  notor-driven trnvcrsin:: screw (de tn i l s  i n  rcf ercricc> 7) 2nd the  
dwrping scrcen ncar the  nozzle p l a t c ,  Fi,gure 5 i s  a closc-.up show 
ing  the  scrcen mounting nore c lear ly ,  as well ~s t h c  end p l a t e s  
cznd t h c  f i n e  totd-head tube, The nozzle p l a t e  can be seen through 
the  screen, which i s  at x = li inches i n  t h i s  f igurce  Tho rubbcr 
tubing on thc r i g h t  c a r r i e s  tho tunnel reference s t a t i c  pressureF 

Xithou+:h t h c  as2cct r s t i o  

Figures 2 nnd 3 show the  unmounted nozzle p l a t e  
Figure 4 i s  an over-d.1 

The brass  rods can be hcrzted e l e c t r i c a l l y  t o  pcr,nit a com- 
par i son  of downstrcn-n tcnperature d is t r ibu t ions  i n  t h c  unstable 
and t h c  s t ab i l i zed  czscso 

Onc mcthod o f  s t a b i l i z i n g  thc  f l o w  was the  introduction of a 
high-resis t -me,  finc-.ncsh (65 p e r  i n , )  damping screcn a s n a l l  
d i s t m c o  a w p y  from the  Taco o f  t hc  nozzlc p l z t c  ( f ig ,  510 The 
screen extends lz tcr- t l ly  well i n t o  the rccion o f  s t s t i onz ry  air 
on both s ides  of the j e t  systen, The screcn i s  made o f  rayon, and 
i t s  dcgrcc of r egu la r i ty  can be judged f rorn the center  o f  f i g u r e  
18A; l e n s  aberration has d i s to r tod  the cdges o f  the  f i e l d  qipre- 
c iably,  
dcns i ty  of O.5& Tho closcd-duct r c s i s t m c c  cocf f ic icn t ,  computed 

f r o n  the  results of Elckert rind Pfl.Qcr ( refcrencc S), i s  - - - 3*0. 

The thread diameter averages 0,004 inch, giving 3 s c r e m  

Q 
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This coef f ic ien t  i s  the  r n t i o  of t h e  Fressure drop i n  thc  a i r  
passing through n section of t he  screcn s t re tched  across  a closed 
duct, divided by thc dynnnic pressure  of the flowl In a f r e e  jc t ,  
with e s sen t i a l ly  the s,mc s t a t i c  pressure at some distance on both 
s ides  of the  screca) the  loss o f  dynamic pressure through the  
scrccn was about 90 perccnt of t he  i n i t i a l  dynamic prcssure, at 
l e a s t  i n  t h c  low-spccd range used i n  this  invest igat ion.  

In  the  case of  a s ingle  f r e e  c i r c u l a r  j e t  passing through 
the  damping screen place4 about i n  the plane o f  the v r r t ex  of tho 
p o t m t i a l  cone, whcrc the j e t  begins t o  approxh  the " fu l ly  
devcloped" condition, the incrcasc i n  width was on thc order o f  
60 percent; t he  cha rac t e r i s t i c  l a t e r a l  dimension chosen was the  
d i m c t e r  o f  the  c i r c l e  on which tho ve loc i ty  was half t h e  maximum 
value at the  sect iono However, with the scrccn placed at a scc- 
t i o n  t a l l  i n t o  t h e  o t e n t i a l  cone (c,g., at x = r, tho rad ius  
of thc nozzle mouth P the  spread was only about x) percento 

Provision was madc f o r  the i n s t a l l a t i o n  o f  s t r a igh t  vc ' r t ical  
s i d c  walls bctwccn tbe  end p l z t e s ,  but preliminary runs showed 
t h a t  tho flow pheiiorncna were ident ic ,d  i n  the  closed-duct con- 
f igurat ion and t h e  two-dimensional f r e o  j e t  configuration; there- 
f o r e  all f i n a l  t e s t s  wors run with tho l a t t e r ,  morc convcnicnt, 
arrnngemcnt z) 

ii typicp,l sect ion of the d0wnstre.m contrzction used t o  
s t a b i l i z c  thc f l o w  i s  skctched i n  f i g u r e  1, Thc tvo r ig id ly  
curve3 walls, c i r cu la r  a r c s  of 113-inch radius, were hinged at 
t h c  c@es of t h e  nozzle p l a t e  t o  permit f r o c  adjustment of th roa t  
s i  zeJ 

Mensuri ng Equipmen t 

TotF.1-head necsurerncnts were tho p r i n c i p d  ncans of invest i -  
Both t o t a l  head and tenperaturc gating thc be9avior o f  t hc  flowt 

wcro photographicnlly rccorded, using a hypodcrmic iicedle to ta l -  
head tube and ?. copper-constantan thcrnocauplc, respectively, The 
auxi l ia ry  equi?ment, including automatic t ravers ing  un i t ,  i s  des- 
cribed i n  reference 7. Tho average t r ave r s ing  t i n e  was X) minuteso 

In many o f  the  tot3d-head d i s t r ibu t ions ,  m g a t i v e  roadings 
are  rccordedc Thesc arc,  o f  course, regions of  l z t e r n l  o r  of 
rcverscd flow, thc  former being o f  more frcqucnt occurrenceo 
Figure 6 i s  a d i r ec t iona l  ca l ib ra t ion  of t h c  total-head tube, 

L Y 



The l cve l  of t he  turbulonce i n  the nem-flow d i rec t ion  o l s a  
was recorded by the continnous photogrqli ic mctllod, usiTi-: the  
liy&t be= re f lec ted  f roa  a w a l l  galvmoncter t o  thc  :ioviq-; s m -  
si  t i  zed papero 
reference 7. 

The hot-wire anexometry cqui2mcnt i s  dcscribed i n  

Since each turbulcncc l eve l  t r w e r s e  was run continmusly,  
it i m s  necessrary t o  c s e  2n a v c r q e  o f  the  corrcct  valuc~s o f  
r e s i s t a c e  i n  the  coqensnt ion c i r cu i t  o f  the n--.rplifici+, In 
order t o  ge t  a 3ec?surc of the e r ror  introciuccd by t h i s  nethod, 
one scgnent of a turbulcncc-lcvol d i s t r ibu t ion  was d s o  run with 
the conventional point-by-point procedure, The r,>sults of thc 
two acthods, given i n  S i p x e  T1 show surpris ingly l i t t l c  divcrgcncco 
This i s  bccmse the  hot wire m s  run a t  the r c l a t i v e l y  low avcrygc 
teilpcrnturc difference of ?!bout 75' c &ove room tcupcraturcJ 

Somc pre l in inary  ncasurcncnts of flow dircct ioi i  wcrc ..iadc; 
thc instrument etnploycd wzs n s n s l l  rotntable  ucit cq-rrying n 
heated wire, and a thcrmcouple connected to  a g d v x o n c t  c r  
(f ig.  S). 
u n t i l  t he  pos i t i on  of ncxizum galvnnonctcr deflectio-.  i s  r c x h c d ,  
corresponding t o  a t h 2 m o c q l e  pos i t ion  i n  the  ccr-tcr o f  thc  heated 
wirc wake. The <m@e l.s measured e l c c t r i c d l y  with the help of  a 
s m 1 1  rheos ta t  noaytcd d i r ec t ly  o n  thc instrumcrit. However, no 
extensive d i rec t ion  surves7s w w c  carr ied out s ince t5e  r e s u l t s  d id  
not  j u s t i f y  tho t i n e  nccesszry for such neasurcinentse 

A t  e w h  t e s t  point i n  the flow, t h i s  u n i t  i s  rot?.tc2 

Unless othcrwise described, a l l  ncasuriTicnts werc nzde with 
unhcatcd rods and with the two-dimensional open-jet configuration; 
t h a t  is, with end p l a t e s  but without s idc  walls. 
p r i n c i p d  measuremonts a r e  included i n  the  report :  

The following 

1, Total-.head d is t r ibu t ions  at n. s c r i e s  of x-positions i n  t!lc 
nornal unsta3le  flowo Tl?cse show the combining of adjacent jets:. 

2, F lowdirec t ion  t revcrses  at given x-positions i n  the  
uns tab le  flow, vhich d s o  show t h c  conbining of ndjacent j e t s o  

3* A s e r i e s  of total-head d is t r ibu t ions  with thc end p l a t d s  
renovod, t o  illustrate. the eff cct of permittirl: cntrniwicnt of 
air i n t o  the "dead air" rcgiozls between je t s .  



I+, A se r i e s  of total-head d i s t r ibu t ions  with the s t cb i l i z in& 
scrcen i n  d i f fe ren t  representat ive posi t ions,  t o  demonstrztc i t s  
effecto In each case, tr,zverses were made at a sc r i c s  of x-stations 
downstream from the screen. 

5* Sinult aneous turbulcnc e-1 eve1 mid t o  tal41ead di s t r i b u t i  ons 
at a s e r i e s  of  x-stations i n  a typ ica l  screen-stabilized f lowr  

knll contractions (closed duct arrangement), downstream fron the  
rods, t o  show the e f fec t  of i rxed ia t e  contraction an the s t a b i l i t y  
of the systemo 

6, Total-head d is t r ibu t ions  at the throats of various s ide  

7. Sinultnneous tenperature and t otal-head d i s t r ibu t ions  at 
a se r i e s  of x-stations i n  the  unstable  case with hefited rods, t o  
Cive a c c q a r i s o n  of the spread of heat and of monentu.. 

S o  Sir.iultaneous tenperature and total-head d i s t r ibu t ions  a t  
a ser ies  of x-stations i n  cz typ ica l  screen-stabil ized case w i t 1 1  
heated rods, t o  give a coqnr i son  of thc  spread of heat and- of 
nonentun, and t o  contrast  with the unstable case. 

RESULTS 

In general, the experinental r e s u l t s  presented i n  t h i s  report  
a r e  qual i tnt ive ra ther  than quant i ta t ive,  i n  t h a t  no a t t enp t  has 
been nade t o  correct  the nunericnl v d u c s  f o r  dis turbing effects ,  
although the  neasmcncnta h?ve bean rmde careiul ly .  
the total-hend readings were 3ffected by both turbulence l e v e l  
and v n r i n t i o n s  i n  nenn-flow direct ion,  2nd hot-wire readings of 
turbulence l eve l  probably began t o  l o s e  accuracy f o r  

Specif ical ly ,  

greater  than about x> gercent (rcference 7, appcndix). 
U 

Since t h i s  was pr inc i2a l ly  a phenoncnologiczl study, the air 
ve loc i t ies  were chosen f o r  convcnience of recordinge Excqpt where 
a d i f fe ren t  value i s  spec i f ica l ly  given i n  the tex t ,  all runs w i t h -  
out dmping screen were made with a tunnel reference pressure ( u p  
s t rczn f ron  t h e  rods) of 9,095 pound per square foot ,  while a l l  
runs with the screen i n  p lace  were nade a t  a reference pressure 
of 0,380 pound per  square foot,  
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The rods were heated o n l y  f o r  runs i n  which t c n p e r ~ t u z v  
nen-surenents were nadea A conparison of the total-hend trwzrs:!s , 

tF”ken with and without heat shows no appreciable d i f f e re rce  i n  
the flowo Also, the resu l t ing  air density v m i a t i o n s  a r e  zp- 
pnrcnt ly  negl igible  i n  t h e i r  effect  on the reading of  tot,< head. 
Turbulcnce l eve l  vns nensured with the  rods unliented s ince tcn- 
pera turc  f luc tua t ions  uould aff cct  tho hot-wire outputo 

TLe pr inc ipa l  ezqerimcntnl r e su l t  WRS thc observed i n s t z b i l i t p  
o f  the  systen of two-dinensional j c t s  issuing f ron  the s l o t s  i i i  9 

g r i d  nadc up of a row of pn rn l l e l  rods, with a g r i d  density of 
0083~ Tho i n s t a % i l i t y  consisted of a grouping togct!ier of  adjacent 
j c t s  i n i ed ia t e ly  c f t e r  t h e i r  oxi t  f ron  the s lo t s ,  r e su l t i ng  i n  
wildly eddying flow. 
short dis tance fro11 t!ie nozzle p l a t e ,  the flow was r o  longer ide- 
t i f i a b l c  as having or iginated fron a regular rol! of s l o t s t  Tlie 
p?-.cnoncnon wns nonstntionary i n  the sense tha t  the s m e  p a i r s  of 
ndjnccnt j c t s  did not  alwzys u n i t e  f i r s t o  This f a c t  sliows t h t  
the pkmogenon was not caused by mechanic21 inperf cctioris i?= tke 
nozzle p l a t e c  Fortunately, a s ingle  f l o w  configurction u s u d l y  
was maintained fo r  a long enough t i n e  t o  p e r n i t  at l e a s t  one 
t raverse ,  and oftcii fo r  consideraioly longero 

Mjaccnt  groups tlien joined, .md at a very 

Pigure 9 i s  a se r i e s  of l a t e r a l  totnl-head t raverses  n t  
d i f f e ren t  downstre<v.I distances, f o r  the sane f l o w  configuration 
(rcforence pressure = 0,285 ~ b / s q  f t ) ,  
s t a r t e d  out as sevcn uniforn, c q n d l y  spaced j e t s  ( for  x = 112 
in., see, f o r  i n s tmce ,  f i g ,  13). Akiost i rncdia te ly ,  j e t  1 
combined with j o t  2, j e t  3 with j e t  4, and j e t s  5 and 6 with j o t  
7 (fig.  9C). Then, j e t  1 .- 2 coxbincd with j e t  3 - 4 ( f i g o  9 D ) ;  
and f i n a l l y ,  j e t  1-2-54 joined j e t  5-6-7 ( f ig s  9F), A t  X =  10 
inches, the floiv lookcd as i f  i t  had originated fron a sii>cl.e j e t ,  

In t h i s  case, t i e  f l o w  

T!ie drawing of the nozzle-plate face i s  t o  the  snr-ie l n t e r a l  
s c d e  as the tot>-l-hend d is t r ibu t ions ,  

The two rccordec? a l t e rna t ive  flow configurations r e su l t i ng  
fron t h e  i n s t a b i l i t y  ‘are compared in  f i a r e  lob 
t3ey wore essent ia l ly  n i r ro r  inages, one with the two-two-three 
i n i t i a l  conbination sroups ,and the  other with t!vcc-tw-twoc 
th i rd ,  spm et  r i cnl, po s s i  b i  1 i t y , two-  Cv!lre o. two , was enc ount er  od 
only once during the invcstigTtion, and then only f o r  a p a r t  of 
one t ravcrscc 

It i s  seen t h t  

The 

\ 
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This pronpt joining of aajacent  j e t s  na tu ra l ly  involved 

Figure 11 gives the  r e s u l t s  of the  
considcrablo deviations of individual  j e t s  fro:.. f l o w  i n  the 
d i rec t ion  of the :c-axis* 
d i rec t ion  neasure:ients nentioned previously. T!ie spacine; and 
length 02 the vectors  have no s igni f icmce;  only f l o w  d i r ec t ion  
i s  represented, 
x = 2 
conf igxa t ion  f ro3  f igure  YD. 

It should be reriarkcd tha t  t h e  t r m e r s e  at 
inches c l ea r ly  corresponds t o  the  reverse unstable  flow 

The j e t s  were p a r t i a l l y  s t ab i l i zed  by the  rcnoml  of the 
end p l a t c s ,  p e r n i t t i w  a net f l o w  i n t o  the  systen along the  t h i r d  
(2) czxis ( f ig* 12). 

Conplote s t ab i l i za t ion  of t he  flow was achieved by the in- 
troduction o f  A fine-nesh, high-density screen p a r a l l c l  t o  the  
f w o  of t h e  n o z z l e  p ln to  and anywhere between 1/4 inch and 1$ 
inches downstrean f ron  i t ,  
cribed i n  the previous sGctiono 
of total-head d i s t r ibu t ions  f o r  screen pos i t ions  i n  the s t a b i l i z i n g  
rangeo A l l  t raverses  a r e  downstrepn of t he  screcr.. Tkc narrow 
i r r e g u l a r i t i e s  that disappear with incrcasing x a r c  n ~ g n r e n t l y  
thc fine-nesh screen j e t s  i n  the process of conbining with each 
other. Thus, the screen j e t  s r s t c n  i t s e l f  s e e m  t o  be unstablee 

The screen cha rac t e r i s t i c s  a r e  des- 
Figures 13 and 14 show c?. s e r i e s  

A s  the h i p i n g  screen was noved f a r t h e r  than 1;; inches fron 
the n o z z l e  p l a t e  o r  c loser  thsn 1/4 i m h ,  the stabi1izir.g cffcc- 
t ivcncss d e c r e s e d o  F i b w e  15 i s  a se t  of total-hezd h s t r i b u t i o n s  
behind the screen placed at x 2% inches, The f i r s t  t raverse  
m s  rm very c lose  t o  the damping screen so tliat the individual  
screen j e t s  a r e  s t i l l  d i s t inc t .  

Se t t ing  tke screen at x = 0, against  the  face  of the  rods, 
had no s t ab i l i y inz  influence on the  f low,  The pr inc ipa l  e f fec t  
of t h i s  ,xrrangcricnt was m r c l g  to  i n c r e w e  the  turbulence l e v e l  
of the j e t s  p r i o r  t o  nixing. 
introducing coarse g r i d  (1/8-ine nosh, 1 / l6- ine  wires) i n t o  the 
tunnel 2 inches uystrcnn o f  t he  loadin;. edges of the  rods, This 
nrrnngcincnt also 1md no not iccable  s t ~ b i l i z i n f ;  infiucnce. Due t o  
the high coratrrLctlun of the flow ?assir= between thc rodsc t h i s  
l /&inch  erid on:ly doubled the i n i t i a l  turbulence l eve l  i n  the  
j e t  poter-tin1 conesj r a i s ing  i t  fron O,3O t o  0,55 percento 

The siL'..:e e f fcc t  was achievch by 

The second successful method of s t a b i l i z i n g  the f i e l d  of 
j e t s  ms the  i n s t ~ l l a t i o n  of n l a t e r a l  contrxction in-iediately 
downstre'm fror.1 the  rodse The total-head dis t r i 'but ions i n  f igu re  
16 were ncasurcd at the t \ roa ts  of th ree  contractions,  with m e a  



11 

ratios of 2*0:1, 2,7Pl, Ftnd 6,7:1, 
highest  contraction ratio the center nininun lms disappcared, 
qqvrc i i t l y  indicat ing a conpletely s tabi l ized flowo 

I t  can be seen tha t  wit? tho 

In the screcn-stabilized f l o w ,  the turbulence-level dis t r ibu-  
t ion  becomes uniform RS rapidly as tho veloci ty  d is t r ibu t ionc  Pne 
i l l u s t r a t i v e  curvcs of f i p r e  17 a r c  ncs su rac i i t s  of tho squzrc of  
the turbulence l eve l ,  wliic1.- i s  tlio quantity reg is tc rcd  by tho  thcr- 
nocou?lo and wall calvanornctcr coabination at t h c  output of  thc 
a q l i f i e r .  Physically, t h i s  i s  a ncasure at each point of thc 
ra t io  o f  f luc tua t ing  k inc t i c  cncrgy i n  thc man-flotr dircctioii ,  
t o  nonn-flow k i n e t i c  cncrgye As T ~ S  t o  be  cxpcctcd, at sm.11 
v d u e s  of I, where the  scpnrate j c t s  verc s t i l l  distinguishablc,  
thc turbulencc nnxiina coincided td. t h  the vc loc i ty  riiiiixn, wMch 
vcrc, of  coursc, t:lc nixing rcgions bctvccn j c t s ,  Ex rcason f o r  
thc dccrcased turbulence l c v e l  i n  the nixing regions bctwcen j c t s  
1 and 2 and j e t s  6 and 7 i s  not cvident, 

30 turbulcnco-levcl ncnsurcaents were nadc f o r  thc Tree 
(unstable) j c t s ,  since thc wi ld ly  edQ-icg flow resu l t ing  f roa  
the i n s t a b i l i t y  cmnot  bc rcgarded as dcvelopcd rand03 turbulencea 

In the course of thc investigation i t  was focxd t h t  the col- 
l c c t i n g  of dust p s r t l c l c s  on t?.c &.qing screcn dccrczscd t!?i d e g c c  
of s t a b i l i t y  of the  downstreazi flowp 
i n  the wind tu-nnel air strc‘m, and thcrcforc was concc:?trated on 
thc  Clcm2ing scrcen i n  scvcn narrow s t r i p s  whore t h c  air fron the  
scverr s l o t s  i sp inga l  upon i to  Figurc 18 shows the e f fec t  of scrccn 
dust upon t3-c totd-head and turbulemc d i s t r ibu t ionsc  
photog%ph of the dusty scrcc i  iizdicatcs t-hat thc  t o t a l  blocking 
‘trcxz o f  the dust p a r t i c l e s  was not largeo 
m s  probably due t o  t5c irregularity o f  the rcs i s tance  rc?thor than 
t o  cs~y increase i n  the nagnitudc of thc rcsis tnnccc 

The dust was i.12inly cnr r icd  

The n ic ra-  . 

Thus thc i n s t q h i l i t y  

Heating thc  br.tss rods gave t h c  opportunity f o r  I. conparison 
of t c q c r a t u r c  d i s t r ibu t ions  corrcsponding t o  iinstzblo and s t ab i l i zcd  
f low,  c1.s well as furRisIdn3 R corqsrison of total-head and tcripcr- 
t u rc  d i s t r ibu t ion  i n  eac5 of thc  two caseso 
t raverscs  i n  the  unstrzblc and t!ic scrcen-stabilized case, respcc- 
t ivcly.  
highor air  vclocity,  with iden t i ca l  e l cc t r i cn l  heating i n  t!:c rods. 
Sincc tkcsc were cases with cool air blowing pcs t  Iicrztcd rods, the 
temperature n in ina  coincide with the vcloci ty  ncm:iriaa In thc  f r c e  
j e t  t c s t s  it was possiblc  t o  gct  suf f ic icn t ly  c lose t o  the nozzle 
p l a t e  t o  record t h c  tc lpcrz ture  nnxina i n  the air that  ?-ad bccn i n  
the boumhry laycrs  of the  rods (Tie, 13A) ,  I t  should be reuarked 

Fibxrcs 19 and 20 2rc  

Tho rod tcnpcrature was lovcr i n  tho l a t t c r  cam due t o  



that  the unstable configuration i n  f igures  l9.i and 1 9 D  i s  opposite 
t o  that  recorded i n  1 9 B  and lgc,  
i n  the s tab le  and unstablc cases show considerably l o s s  cont ras t  
than do the corresponding veloci t y  dis t r ibut ions.  

The tenpera twe d is t r ibu t ions  

&ar downstrean, neasurenents i n  both s t ab le  and unstable 
cases checked the known r e su l t ,  t h a t  i n  a region of  turbulent 
nixing, with tcnpcraturc differences,  the heat spreads nore 
rapidly than the noneiitun (references 7 and 9 ) o  

DISCUSSION 

The pl iysicd ncchanisn of t h i s  i n s t a b i l i t y  o f  m l t i p l e  j o t  
sys tms  seens t o  hinge on the  en t ra imcnt  of a i r  by the i n d i v i d u d  
j e t s  fron the dead air regions between thm. An hmothes is  i s  as 
follows: the entrainmnt  reduces the s t a t i c  pressure between j e t s ,  
tending t o  force then together, A s  a j e t  spreads out downstreem, 
i t  bdiavcs l i k e  a diffuscr ,  so that i t s  center-l ine s t a t i c  pres- 
sure increases downstreant The pressure d i f f  crcncc bctwccn the  
j e t s  culd the  air bctwccn then i s  b,danced by divergelit cur7rature 
of thc j e t  strecanlines. Thus, f o r  given air j e t s ,  wider ssacing 
rcquircs 'L r e l a t ive ly  greater  diffusion angle of t he  individual  
j e t s  bcfore adjnce2t ones touch; and when tho spacing i s  suffi- 
cient ly  great  (i.e., f o r  great  enough gr id  density),  the necessary 
~ ,ng le  i s  p rohib i t ive ly  la rge ,  r c su l t i ng  i n  a breakdown of the flow. 

Sone very rough s t a t i c  pressure ncnsurcncnts by Bohl ind ica te  
a d i s t r ibu t ion  s i n i l a r  t o  t h a t  'described6 

T5e present invcst igat ion gives no indicat ion of  the c r i t i c a l  
value of g r id  density, hcr, 
changes i n  i n i t i a l  o r  boundary conditions. Bohl found A,, b* 
tween O,37 and 0.46, the dens i t ies  f o r  h i s  s t ab le  case and ninir.iun- 
density unstable case, rcspcctivcly,  H i s  g r ids  were nade up o f  
f l a t ,  shnrp-edge wooden slats s o t  norn'il t o  tho nir s t rean,  and 
A,, may be T function of rod  shacc, and also a function o f  rod 
Reynolds numbero 

and of i t s  poss ib le  var ia t ions with 

3 

The l i r i i t i ng  CRSC of h = 0 corresponds t o  a uniforn flow 

can be approached e i the r  by decreasing thc spacing of 
I f  

with no obstruction, and is ,  of course, stable,, The other l i n i t ,  
A-.7\1,0, 
gi.ben rods or  by increasing the spacing between given j e t s o  
the j c t  veloci ty  i s  f ixed as h appromhes uni ty ,  presunably well 



above hcrp the systen would probably remain bas ica l ly  unstable  

i n  both cases, although a l o n g  t i n e  would be rcquired for  the 
entrainnent of suf f ic ien t  air t o  cause thc necessary pressure 
rcduction between the j e t s o  The single two-dincnsional j e t  i n  
pen in i ' in i te  s ta t ionary  f i e l d  is, of course, s tab le ,  

This type of i n s t a b i l i t y  i s  also t o  be expected i n  the f i e l d  
of j e t s  behind a conventional square nesli g r i d  o f  suf f ic ien t  den- 
s i t y e  A s  point cd out previously, the total-head d is t r ibu t ions  
behind the dnnping scroen c l ea r ly  show the  joining of  the small 
j e t s ,  In the flow 'behind square nesh gr ids ,  then, i t  i s  t o  be 
an t ic ipa ted  tha t  at a given nunber of nesh lengths  dovmstrcm the 
turbulence leve l  should be appreciably h i&m a f t e r  nn unstable 
j e t  systen than a f t e r  a s t ab le  systenr 

A se r i e s  of ricasurenents of the dccay of turbuler?cc behind 
several  g r ids  i n  a %rind tunnel was nndc several  years ago by 
S. Atsuni at the  W C I T ,  
l* inches, and dens i t ies  f ron  ?.bout O,3 t o  Oe7* 

IiJ trtblc gives the  values of - at 75 nesl? lengths  downstream fron 
U the  g r idsa  

thc  f i n i t e  length of the hot wireo 

The nesh s izes  var ied fron 1/S inch t o  
The fo l lowing  

The readings have been corrcctcd appro:rinately f o r  

I 
i 
i Mesh 
i length, 
I M ! 

! 1 .  

-----I_- __ . .. .- __ .- -- 
I 

d i m c t  er ,  1 Density, 

I 

d 1 h 

Rod at 5 = 75, 
M 

U t  - 
T T  
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This s c t  of values soens t o  confirn the existcncc o f  nt  l c q s t  
a c r i t i c a l  region of 
bettreen perhaps O,5 aiid 0,6, 
rnngc found by Boh l  f o r  h i s  p a r t i c u l a r  arrangenent of rod gr ids ,  
but there i s  RO rcz.soi1 t o  x t t i c i p a t e  q u m t i t s t i v e  zgrcement be- 
twcen the  two casesc 

A fo r  t he  flow behind squzre nesh gr ids ,  
This i s  sonewhat higher th-?.n the 

Tho bypothesis t h a t  the individ1m.l j e t s  ,zct l i k c  d i f fuse r s  I 

i s  f'urtlicr supported by thc  experinentally proved p o s s i b i l i t y  of 
s t cb i l i za t ion  by MCPXLS of a downst r e m  daiping screeno Kowevcr, 
t h e  d e t d l e d  nechvl im of t h i s  s t a b i l i z a t i o n  i s  not irmodintely 
evident, * 

I 

Na.cPh~,il ( refcrence 5) also fou-d tha t  i t  w ~ s  n c c e s s a y  t o  
i n s t s l l  the d w i n g  screen R f i n i t e  d i s t m c e  downstrem fron t h e  
corner vanes i n  order t o  get  the  nost  uniforn r e su l t i ng  f low,  
He suggcsted tha t  t h i s  sap between vanes and screen wns ncccssary 
t o  perni t l a t e r a l  flow f o r  re:vr-ngcncnt of tho (supposedly) i r rcg-  
u l n r  flow bcforc t h e  scrociia Xowcver, h i s  ve loc i ty  ttcnsurmcnts 
ind ica te  g rca t e r  r egu la r i ty  upstream of  t h e  screen t h m  exis ted  
at the  s'mc rcgion with no screen i n  thc  f l o w c  This was also 
def in i t e ly  found to  bL tlic cas0 i n  the  present invest ignt iono 

I t  should be re:inr!ccd th-tt MacPheil's s e t  o f  corner vanes, 
although nndo of sheet n e t d ,  ac tcd  as a high-density g r i d  because 
they wcre s t a l l e d o  

In connection with the  atta,inrxmt of s t s b l e  f l o w  by mems 
of a contr-xtion, i t  i s  i n t e r e s t i n g  t o  note t h a t  f o r  the  ncnsurcd 
s tzb lc  case ( f i g ,  i 6 ~ )  thc throa t  aren i s  very ne2,rly equal t o  
t he  m.i o f  t he  areas of thc  seven i n i t i a l  j e t s ?  
,?;aount of contrsction nccessnrq t o  achicvc s tn ,b i l i ty  i s  r e l a t e d  
t o  the net  e f f cc t ivc  d i f fus ion  i n  going frorn t he  sm of tke  i n i t i a l  
j e t  w e a s  t o  t h e  throa t  areno 

Possibly the 

The f a c t  t ha t  nn incrensc o f  free-streaii turbulence l e v e l  i n  
I thc  j e t s  had no noticeable e f f ec t  on the  s t a b i l i t y  i s  not surpris- 

ing  since, i n  general, turbulent mixing has been found t o  be inde- 
pendent o f  the i n i t i a l  turbulence (reference 10, pe 20); and the  
turbulent nixing at t h e  edges o f  t h e  j e t s  cont ro ls  the  entrainment 
of aira 

I *It  has been suggested by members o f  the  NACA technical  s t a f f  
that  t he  s t a b i l i z i n g  e f f ec t  of t h e  damping screen m a y  perha3s be 
a t t r ibu ted  t o  m e f fec t ive  decrease i n  h due t o  forced spreading 
o f  the individual  j e t  S O  
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Iicnovnl of t he  end p l a t c s  did not s t n b i l i z e  the f l o w  COR- 

z l c t o l y  bccmsc of tho high a q e c t  r a t io  o f  the j e t s ,  which tends 
to  keep the flow t~ro-c?imC!1sioii?.l n t  the center. In f igu re  12, 
although thc j e t  spter.? shows increased over-all regular i ty  
coiitrnstcd with thc conpletely unstable cnse, thcre cx i s t  sri?.llcr 
scr?le i r r e g u l a r i t i e s  tha t  wcre not present i n  tho l n t t c r  flowe 
These irregularities m i s e  with the rcmovcl o f  the end y ln tos ,  
2nd a r c  ? q a r e n t l y  due t o  the senistqhle nnturc of thc f l o w ,  
Thcg a r c  obviously not randon turbulcncc; the  t r m c r s e s  o f  fi:Frc 
17, f o r  exaiple, show t ha t  the t o t d - h e d  tube iloes not f o l l o w  
the rqqid f luc tua t ions  o f  f u l l y  developed turbulcnt nixing, 
these i r r e g u l z r i t i o s  a rc  n c t u d  chmgcs i n  l o c a l  m a n  veloci ty ,  
>rabcbly 6ue t o  in te rmi t ten t  ex is tcme or" thc  s tab le  nnd the un- 
s tFblc  flow configurations. With lover j e t  asucct r a t i o s ,  the 
xwrngc flow pp-ttcrn vould probably m-xoach nore closcly to  tho 
conl>lctely stCzble cast, vhi le  higher j e t  aspect r a t i o s  would lertd 
t o  ?. f l o w  mgrc nertrly l i ' rc  the c o q l e t e l j j  unst2blc cpse of fiprc, 9. 

Thus, 

The f l o w  behind s l r t t c d  c i r - l m e  dive brakes my  be o f  the 
type o f  f i b m e  12  when thc slzts arc  b u i l t  pnr;..ll_el t o  the  wing 
surfnce and thcroforc s e t  up j e t s  o f  high ascect  r a t i o ,  a i l e r o n  
o r  horizontnl  tail b u 2 c t i n g  qrpenrs t o  be nost ser ious f o r  t h i s  
arrnngerLicnt, which i s  reasonable i n  v iow o f  the o r io r tn t ion  o f  
tlic two-dincnsionnl eddies o r  vort ices  a r i s i n g  fron thc  flow 
ins tnb i l i t y .  
i n  wtua1 pr?-ctice by two ricthods: (1) by the usc o f  3 "picket  
fence" type o f  s l n t t c d  dive brake, with the slats pcrpcndicular 
t o  thc wing surfncc; t h i s  not only rot?,tcs the ?-xes of thc  vo r t i ce s  
t o  2" less  dtngerous or ientat ion,  but d s o  p e r n i t s  z dccrcnsc i n  
the nspcct r a t i o  o f  the  s lo t s  bctvtrccn tho slcts; Lznd (2 )  b;. t he  
use o f  r: squmc ncsh g r i d  as a dive bmke, thus elinin?<ting the  
two-dincnsionnl nature of the eddies. The rxsh s i ze  should be as 
onall 7,s i-,ossiblc i n  order t o  give rz>id d.c?c?q o f  t3.c domstrcnm 
turbulcncc dcvcloping out o f  thcsc inst- tbi l i ty  cddics, 

This d i f f i c u l t y  has bcen at l c n s t  >xwt ia l ly  solvcd 

Fluctuat ions domstrcnm of n br&c could bc rccluccd by 
dccronsing the s o l i d i t y  t o  n value below the c r i t i c a l ,  but high 
cncrgy losses a rc  6.esirFhle; s o  n co.ibination of high-dcnsi t y  
g r i d  and downstrczi:. d x p i n g  screen woiild o f f c r  p o s s i b i l i t i e s .  
However, i t  i s  obvious thz t  considor2"blc structurq.1 d i f f i c u l t y  
would b e  cncountcrod i;-. such nn ins ta l la t ion .  O f  course, i n  
hectt exchangers nnd cornor-vanc ins ta l ln t ions ,  on thc othcr  hand, 
i t  i s  desir?dblc t o  kecp the l o s n e s  t o  ?. mininun. 
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I t  i s  possible  that s t ab i l i za t ion  by means of a contraction 
followed by a well-.desiDed diffuser ,  would involve l e s s  t o t a l  
eriergy l o s s  than an adequate damping screen* In  any case, from 
structural .  considerations i t  i s  evident that  the former i s  more 
conveniently applica,blc t o  dive brakes and t o  i n s t a l l a t i o n s  where 
there i s '  a l imi ted  avai lable  duct length, 

Since the prosent inves t iga t ion  has been pr inc ipa l ly  C!wJ.itap 
t ive ,  i n  connectlon with both the  i n s t a b i l i t y  phenomenon and the  
two successful nlethods of s t ab i l i za t ion ,  there  i s  a great deal of 
quant i ta t ive work t o  be doneo 

In general, most  o f  the  necessary data would consist  of total- 
head measurementso These can be car r ied  out very Conveniently by 
an autcmatic t ravers ing and recording arrangement similar t o  the 
one used i n  t h i s  invest igat iono This was s e t  up by Mr, C' Thiele 
f o r  preliminary measuremnts i n  the  s ing le  ax ia l ly  symmetrical 
j e t  (reference 7 ) 0  

For the s t a b i l i t y  problem i t s e l f ,  i t  i s  suggested that measure- 
ments be made with a considerably l a rge r  number of p a r a l l e l  j e t s ,  
and a wide range of g r i d  densi t ies .  Also, the  possible  e f f ec t  of 
rod Reynolds nimber upon tho value o f  the c r i t i c a l  g r id  density 
should be invcst igat  ed, 

In the matter of screen s t ab i l i za t ion ,  i t  i s  of i n t c r e s t  t o  
f i nd  out the e f fec t  o f  mesh s ize  r e l a t i v e  t o  j e t  dimensions, a s  
well  as the range of d a q i n g  screen dens i t ies  which Give sa t i s -  
factory s tab i l iza t ion ,  with a determination of  the optimum den- 
s i t y ,  which, according t o  r e s u l t s  of MacPhail, does exis t ,  

For  the method of s t ab i l i za t ion  by mcnns of a contraction, 
invest igat ions should be made o f  the e f f ec t  of var ia t ions i n  the  
fund'mental geometrical pnramet e rs t  
contraction ratio, r e l a t i v e  t o  g r i d  density. 

r a t e  of contraction and t o t a l  

Possibic tpan t i t a t ive  differences i n  behavior of three- 
dimensional and two-dimensional j e t  f i e l d s  could be investigated,  
as well as possible  quant i ta t ive differences f o r  t he  l a t t e r  i n  
the closed-duct and the open-sided caseso 

' Finally,  the r m g e  of over-all e f f ic ienc ies  f o r  the two 
methods of f l o w  s t ab i l i za t ion  should be determinod, 
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lo The f i e l d  uf pa..r,d.lel two-dimensional air j e t s  downstrcnm 
IYom a g r i d  made up of p a r a l l e l  rods i s  unstable  fo r  a g r i d  den- 
s i t y  of OGg3* The r e s u l t s  of previous inves t iga tors  show the  
existence o f  a c r i t i c a l  range of gr id  density Be low which the  
downstream flow is s tab le  and tz'bove which it  i s  unstableo The 
sNne phenomenon occurs i n  both two- arid three-dinensiowd j e t  
f i e lds ,  

20 The f l o w  c,m be conpletcly s tab i l ized  by the introduct icn 
of 8 fino-mesh dcurr.>ing screen p a r a l l e l  t o  the g r i d  plane rvld within 
a d e f i n i t e  range 05 posi t ions downstrean from the  gr id t  

3e The flow can be completely s tab i l ized  by means of  <an 
ndequat e la t  ercd contraction beginning immediat ely a f t e r  t he  grid, 

4, The flow cm be at l e a s t  p a r t i a l l y  s t3b i l ized  by the  
"vent i la t ioniv of the spaces between j e t s ,  permitt ing air t o  flow 
i n t o  the  system i n  the th i rd  dimension, p a r a l l e l  t o  the rod axesb 

50 Doubling of the i n i t i d  turbulence l eve l  i n  the j e t s  has 
no not iceable  e f fec t  on the s t a b i i i t y c  
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F i g u r e  2.- Nozzle p l a t e :  upstream s i d e .  

\ 

F i g u r e  3 . -  N o z z l e  p l a t e :  u p s t r e a m  s i d e .  
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F i g u r e '  4.-  T u n n e l  a n d  t r a v e r s i n g  e q u i p m e n t .  

F i g u r e  5 . -  Flow r e g i o n ;  damping s c r e e n  1-1/41t downstream 
o f  slots. T o t a l  head t u b e  i n  flow. 
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Figure 8.- Direction meter. Schematic &etch, 

not to scale, (Rotating drive not ohorn.) 
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Figure 9.- Free jets. Lateral total-head 
distributions. 
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Figure 10.- Free jets. Alternative f l o w  configurations re- 
sulting from instability. 
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Figure 13.- S t a b i l i z i n g  e f f e c t  o f  damping screen  pluced 1/4" 

but ions. 
downstrem f r o m  s l o t s .  L a t e r a l  total- head d i s z r i -  
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Figure 14.- Stabilizing effect of damping screen placed 1-1/1611 
downstream from s l o t s .  Lateral total-head distribu- e 

t ions. 
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Fig. 16 

Figure 16.- E f fec t  o f  d i f f e r e n t  downstream cont rac t ions .  
Total-head d i s t r i b u t i o n  at con t r ac t ion  throats.  
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